Abstract-A new methodology is introduced for designing and tuning the scaling gains of the conventional fuzzy logic controller (FLC) based on its well-tuned linear counterpart. The conventional FLC with a linear rule base is very similar to its linear counterpart. The linear three-term controller has proportional, integral and/or derivative gains. Similarly, the conventional fuzzy three-term controller also has fuzzy proportional, integral and/or derivative gains. The new concept "fuzzy transfer function" is invented to connect these fuzzy gains with the corresponding scaling gains. The comparative gain design is presented by using the gains of the well-tuned linear counterpart as the initial fuzzy gains of the conventional FLC. Furthermore, the relationship between the scaling gains and the performance can be deduced to produce the comparative tuning algorithm, which can tune the scaling gains to their optimum by less trial and error. The performance comparison in the simulation demonstrates the viability of the new methodology.
I. INTRODUCTION
The idea of fuzzy set and fuzzy control are introduced by Zadeh in an attempt to control systems that are structurally difficult to model [15] , [16] . Since Mamdani did the first fuzzy control application [8] , fuzzy control has been one of the most active and fruitful research areas in fuzzy set theory, and many industrial applications are reported [2] , [3] . The experience gained over the past years has shown that fuzzy control may often be a preferred method of designing controllers for dynamic systems even if traditional methods can be used [9] .
The structure of fuzzy system can be classified according to the different applications [12] . One of the most popular type is the error feedback fuzzy controller, the first application in the world, which is called conventional fuzzy logic controller (FLC) in this paper. In linear control, there are proportional-derivative (PD), proportionalintegral (PI), and proportional-integral-derivative (PID) control. In conventional FLC, there are also PD type FLC (FZ-PD), PI type FLC (FZ-PI), and PID type FLC (FZ-PID).
As the conventional FLC originates in control engineering rather than in artificial intelligence, its knowledge base is usually narrower than other types [17] . Thus the systematic methodology for designing the rule base can be achieved [4] . One of the well accepted rule base is the linear rule base which appears in many research work and applications [6] , [7] , [13] . As the rule base conveys a general control policy, it should be sustained and leaves most of design and tuning work to the scaling gains [10] . In linear control, the design and tuning of PI/PD/PID can be guided by many systematic methods [1] , which also requires little quantitative knowledge of the process. In fuzzy control, however, there is still no mature methodology for designing and tuning the scaling gains. If the well-tuned linear controller can not achieve satisfactory performance in a complex situation, then the fuzzy controller should be a better alternative because it could be more robust. If the initial parameters of FLC can be obtained from the parameters of its well-tuned linear counterpart, then the application Manuscript received February 14, 1996 ; revised August 29, 1996. The author is with the Department of Manufacturing Engineering and Engineering Management, City University of Hong Kong, Hong Kong (email: mehxli@cityu.edu.hk).
Publisher Item Identifier S 1083-4419(97)05211-4. of FLC will be enhanced greatly because this well-tuned counterpart is often available or could be easier to obtain. Based on the above points, this paper aims to present a new methodology for designing and tuning the scaling gains of the conventional FLC with a linear rule base. First, some new concepts, like fuzzy transfer function, are defined for the conventional FLC with a linear rule base. Then, its fuzzy gains can be expressed with the help of fuzzy transfer function. By the direct comparison, the initial scaling gains of FLC can be determined from its well-tuned linear counterpart. A comparative tuning is also introduced to further tune the scaling gains to their optimum by less trial and error. Finally, the viability of the methodology is demonstrated by the simulation.
II. CONVENTIONAL FUZZY CONTROL AND ITS LINEAR COUNTERPARTS

A. Basic Algorithm
In linear control, there are three-term controllers: PD, PI, and PID [1] [5] , [6] . Their basic structures are shown in Figs. 1 and 2 . The rule base used is a twodimensional linear rule base [4] , [5] , and shown in Table I with seven labels for each input and output variable.
B. Gain Structure of FLC
Membership functions (MF's) for input/output variables can be chosen as the standard triangle. The resolution of each variable mainly depends on the fuzziness of its MF's, which can be controlled by its scaling gain [4] . As the linear rule base is used, the relationship between two input scaling gains can be approximated as a constant [11] . Then K d = K e .
1083-4419/97$10.00 © 1997 IEEE In linear control, the transfer function is defined as the relationship between the input and the output. In fuzzy linear control, a similar function can be defined for the convenience. where N max is the maximum value of the scaling gain for the unsaturated input, and the symbol / means the analogy, which can be approximated by .
As all inputs and the output are normalized into the unity interval, the maximum influence from the input gain can be assumed to be unity F fNg = 1. It can not be increased for N > Nmax because of the input saturation. On the other hand, when the input is not saturated, the influence from the input is proportional to its scaling gain N, and can be approximated as the value of N when N is very small.
Similarly, the conventional fuzzy controller should have their own 
and the fuzzy K p ; K I and K D of FZ-PID can be expressed as 
III. COMPARATIVE GAIN DESIGN
There is always an input limitation for FLC, so that for convenience inputs and output are always normalized into 
A. Fuzzy PD/PI Control
Fuzzy two-term control with a linear rule base is actually a fuzzy linear control, which should have much similarity with its linear counterpart. As fuzzy proportional, integral, and/or derivative gains have qualitative similarity with their linear counterparts, the gains (1) and (2)/(3), the analogy between the initial scaling gains (; K) and gains (K p ; T i =T d ) of linear counterparts can be derived as
1) Analogy Between Scaling Gains of Fuzzy PD/PI and Gains of Linear PD/PI:
1) The output scaling gain K is more analogous to the proportional gain K P .
2) The input gain ratio is more analogous to the integral time
Ti from PI or the derivative time T d from PD.
After a further approximation by replacing / with , the comparative design for the initial scaling gains of fuzzy PD/PI control is obtained in (5)/(6).
B. Fuzzy PID Control
As FZ-PID is coupled with PD and PI effects together, it is harder to identify the influence from individual scaling gains. Assuming fuzzy gains in (4) can achieve similar effects as their linear counterparts in (1), then gains of a well-tuned linear PID controller (Kp; KI; KD) in (1) 
The analogous features can be derived as below based on the Definition 2.
The comparative gain design is obtained in (9) by replacing / with in (8) .
C. Comments 1) Equation (9) will have two possible solutions for and . Two following factors may help determining the proper and .
• The output gain K 1 from PD branch is often larger than the output gain K0 from PI branch, because the derivative effect can help the stability while too much integral effects may deteriorate it. Thus, the larger is usually chosen.
• FZ-PID may have the similar as FZ-PD control because of the dominant FZ-PD from the larger output gain K1.
2) The equation is valid under no input saturation. If a real solution does not exist for (9), the approximation can be made by copying from FZ-PD on the assumption that PD effect is dominant.
IV. COMPARATIVE TUNING
A. Fuzzy PD/PI Control
Based on the theory of tuning PI/PD control [1] and relationship between the scaling gain and fuzzy gains (6), the influence of scaling gains on the performance could be reasoned as below.
1) The Influence of Scaling Gains to the Performance:
i) Increasing K, similar to increasing K p in (2)/(3), will speed up the response and reduce the steady state error. However, too large K will cause the oscillation or the instability.
ii) Decreasing in FZ-PI, similar to increasing K I in (2)/(3), will speed up the response and reduce the steady state error.
Too small will cause large overshoot and tend to destabilize the system.
iii) Increasing in FZ-PD, similar to increasing K D in (2)/(3), will stabilize the system. However, too large will cause instability possibly because of too high gain in high frequency. The above gain analogy between fuzzy and linear counterparts confirms the viability of the recent achievement on tuning FZ-PI with PI gains [14] . By the extensive experiments, the heuristic tuning method for designing and tuning fuzzy two-term control are summarized as below. can obtain a better control resolution [4] .
2) The Comparative
iii) Tune to achieve a faster response and a smaller steady state error in FZ-PI, or to stabilize the system in FZ-PD. After getting the initial scaling gains, Steps 2 and 3 are repeated until the performance is satisfactory.
B. Fuzzy PID Control
As the output gain K 1 of the FZ-PD is usually larger than K 0 of the FZ-PI when controlling the same process, the effects of FZ-PD are often dominant when choosing the output gains.
1) The Comparative Tuning Method: i) Use gains of a well-tuned PID controller as the initial fuzzy gains scaling gains K p =T i =T d , the scaling gains K e ===K 0 =K 1 can be calculated from (9) . ii) Tune Ke=K0=K1 to achieve a faster response and a smaller steady state error with unchanged. K e should not be too large in order to avoid the possible input saturation.
iii) Readjust to balance the derivative and integral effects.
2) The Heuristic Method When Linear PID Does Not Exist:
i) Tune FZ-PD control first to get a reasonable performance and gains K e ==K.
ii) After adding FZ-PI control, keep input gains unchanged and adjust output gains with K 0 + K 1 K.
iii) Based on the above result, re-tuning the gains may help get closer to optimum result, however, this is a trial and error process.
By adjusting K p ; K I and K D properly through the scaling gains, a stable performance can be achieved. The gain design and tuning of fuzzy control becomes simpler than before.
V. SIMULATION
The aim of the simulation is to demonstrate the viability of the comparative gain design and tuning. The performance of the conventional FLC and its linear counterpart on different order of linear systems are compared and analyzed in this section.
A. About the Simulation
First, a linear counterpart is tuned for the process. Secondly, its well-tuned gains are used for the initial fuzzy gains of the conventional FLC. Thirdly, the initial scaling gains are calculated from (5), (6)/(9), and this initial performance is compared with its well-tuned linear counterpart. Finally, if the initial performance is still unsatisfactory, further tuning can be carried out based on the comparative tuning algorithm.
The linear rule base in Table I is used for fuzzy control. The standard MF's are chosen as triangle. All inputs to the controllers are normalized to [01; 1] by dividing the setpoint value. Thus, the maximum gain for unsaturated E is K e = 1 that will be used as the initial gain.
The quantitative criteria for measuring the performance is chosen as integral of absolute error (IAE) and integral of time absolute error (ITAE) shown in (10) and (11) . The numerical integration method used is fourth-order Runge-Kutta method. The integration interval is Table II .
2) FZ-PD Control: The initial scaling gains are easier to calculate from (5) as K = Kp = 60; =T d = 0:3:
The initial performance of FZ-PD is quite close to PD as shown in Table III and compared in Fig. 3 . However, FZ-PD seems having wider stability range for the performance enhancement. With K e K unchanged, adjusting Ke and K may achieve better steady state performance.
3) FZ-PI Control: Similarly, initial scaling gains for FZ-PI can be obtained as
The initial performance of FZ-PI is similar with PI as shown in Table IV and compared in Fig. 4 . Increasing K e or decreasing will speed up the response and reduce the steady state error (no. 2 and the final). Then the initial performance is shown in Table V and Fig. 5 , which is quite close to PID. Decreasing is equivalent to increasing the integral effects, the performance is faster and better (no. 2). A trial and error process may be needed to find out the better value of K 0 (final).
C. Simulation on a Third-Order Linear Model
A third-order linear model is chosen as 
1) Linear Three-Terms Control:
The linear three-term controllers PD, PI, and PID are tuned for a good performance as shown in Table VI. 2) FZ-PD Control: As in the previous section, K = K p ; = T d , the initial performance of FZ-PD is shown in Table VII and compared with PD in Fig. 6 , which is quite close to PD control.
The gain of PD can not be increased any more, while increasing K (no. 2) or Ke (final) of FZ-PD can make the response faster and smaller steady-state error. Thus, the fuzzy system seems more robust in this complex situation.
3) FZ-PI Control: The initial scaling gain of FZ-PI can be chosen as However, K p is too small for the output gain of FZ-PI because of the different characteristics from PI control. As 1 and Ke = 1, the approximation F fK e g can be used from Definition 2. Then The initial performance of FZ-PI is shown in Table VIII and compared with PI in Fig. 7 , which is almost same as PI control. With KeK constant, adjusting Ke and K may achieve better steadystate performance (final). The initial performance is quite similar with PID as shown in Table IX and compared in Fig. 8 . A trial and error process is needed to find out the proper value of K e and K 0 for a final performance. 
D. Performance Analysis
The comparative design and tuning presented shown in this paper seems feasible on the initial gains design of FLC. The initial performance is very close to its well-tuned linear counterpart. After that, slight tuning of the scaling ratio (for balancing integral and/or derivative effects), or the output scaling gain (for the proportional effects), will make a better performance.
From the simulation, it is easily seen that the conventional FLC with a linear rule base has similar characteristics to its linear counterpart. The FLC response is normally slower in the beginning, but seems more robust in the overall performance, especially for a more complex process.
The separation of the proportional and the integral effects in linear PI makes the proportional contribution significant at the beginning; while the fuzzy combined proportional and integral effects eliminates the proportional effects in the beginning. Therefore, FZ-PI will be even more slower in the beginning compared with PI control. Just like its linear counterparts, FZ-PD often gives large steady state error without integral effects; FZ-PI can not achieve good transient performance for higher order systems because of lack of a predictive function; FZ-PID control achieves much better results than fuzzy two-term control, especially for higher order systems.
VI. CONCLUSION
The conventional FLC with a linear rule base can be considered as a fuzzy linear controller. The fuzzy transfer function is defined to describe the influence of input scaling gains on the output. Thus, fuzzy gains of FLC can be formed in comparison with its linear counterpart.
The comparative design and tuning methodology is introduced for finding initial scaling gains of the conventional FLC with a linear rule base. The gain design is based on the well-tuned linear counterpart; the tuning is based on the analogy between the scaling gains and the gains of its linear equivalence via the fuzzy transfer function. As the linear counterparts are much easier tuned by Zigler-Nichol method, this methodology seems feasible. This design method requires little trial and error effort, and could be one of the most systematic methodologies yet developed for fuzzy control. The initial performance is satisfactory and very close to the well-tuned linear equivalent. After further slight tuning, the performance could be further improved.
Though the conventional FLC has similar characteristics to its linear counterpart, it appears more robust on the overall performance, especially for increasingly complex processes.
